Summary. Major genetic differences in hormone-induced ovulation rate were not explained by strain differences in age at puberty, by maturation and ovulation of follicles by endogenous gonadotrophins, or by differential responses to gonadotrophins at different ages. The major genetic differences in hormone-induced ovulation rate were explained by strain differences in ovarian responsiveness to exogenous gonadotrophins.
Introduction
Major genetic differences in hormone-induced ovulation rate in young mice have been identified (Spearow, 1988) : a comparison of parentals, Fl and F2 crosses, revealed that a 5-fold difference in hormone-induced ovulation rate between strains A/J and SJL/J was due to the action of about 2-3 loci, and a 6-fold difference in hormone-induced ovulation rate between strains A/J and C57BL/6J was due to the action of about 3^1 loci. These genetic differences in hormone-induced ovulation rate at 28 days of age could have been due to genetic differences in (1) age at puberty, (2) maturation and ovulation of follicles by endogenous gonadotrophins, (3) maturation of follicles by endogenous gonadotrophins and ovulation by exogenous gonadotrophins, (4) age-dependent responses to gonadotrophins, or (5) ovarian responsiveness to exogenous PMSG and hCG. The main purpose of the present study was to determine which of the above factors was responsible for the observed genetic differences in hormone-induced ovulation rate. Since major genetic differences in hormoneinduced ovulation rate were observed in response to priming with PMSG, another purpose was to determine whether similar genetic differences were also found in response to priming with FSH. Experiment 1. The onset of puberty in the absence of males was determined as the day of vaginal opening. In this experiment and Exps 3 and 4 of the present study, females were weaned at 21 days of age and housed in cages separate from, but in the olfactory presence of, males. Females were checked daily with blunt forceps until the day of vaginal opening.
Experiment 2. The onset of puberty was examined in females of strains A/J, SJL/J and C57BL/6J by determining the age and weight at vaginal opening and first plug of semen found in the vagina (vaginal plug). Females were weaned at 21 days of age and housed with mature males of the same strain. Females were checked daily with blunt forceps until the date of vaginal opening and first vaginal plug. Experiment 3. Effect of age of females when gonadotrophins were administered was examined. Female mice of strains A/J and C57BL/6J were injected subcutaneously with 5 i.u. PMSG in 50 µ 002 M-NaP04, 0-14 M-NaCl, 0-1 % gelatin, pH 7-2 (PBS-gel) at 3-5, 4, 6 or 8 weeks of age. SJL/J mice were similarly treated at 4 and 8 weeks of age, but insufficient numbers were available for study at 3-5 or 6 weeks of age. Each female was injected subcutaneously 48-52 h later with 5 i.u. hCG in 50 µ PBS-gel. At 16-22 h later the mice were weighed, and killed by cervical dislocation. The number of ova with cumulus (fresh ova) and without cumulus (old ova) in the oviduct was then determined according to the procedures of Spearow (1988) . Since the fresh ova were recovered in a tight cumulus clump, their recovery was essentially complete. In contrast, the recovery of the old ova seemed to be lower and more variable due to their dispersion and occasional transport through the oviduct. Since the purpose of this experiment was to determine the effect of age on induced ovulation rate, the effect of stage of cycle on hormone-induced ovulation rate was not examined.
Experiment 4. Responses to increasing doses of PMSG and a constant amount of hCG were examined in mice of strains A/J, SEC/lReJ, 129/SvJ, and C57BL/6J. These strains were chosen because they showed a low, medium-low, medium and high hormone-induced ovulation rate in response to 5 i.u. PMSG at 28 days and 5 i.u. hCG at 30 days of age (Spearow, 1988 Experiment 5. Responses to increasing doses of oFSH and a constant amount of hCG were examined in strains A/J, SJL/J and C57BL/6J. These 3 strains were chosen since they showed the extremes in hormone-induced ovulation rate in response to 5 i.u. PMSG at 28 days and 5 i.u. hCG at 30 days (Spearow, 1988 (Brown & Forsythe, 1974; Dixon, 1983 Means within columns with different superscripts differ significantly (P < 0-05). (P < 001). Strain A/J and SJL/J females did not differ significantly in any of these puberty traits. C57BL/6J females were older and heavier at vaginal opening and at first vaginal plug than were females of strains A/J and SJL/J (P < 0-05).
Experiment 3
In mice of strains A/J and C57BL/6J the effects of strain, age and strain age interaction on hormone-induced ovulation rate (Table 2 ) were significant (P < 0001). The induced ovulation rate of A/J mice increased insignificantly with increasing age while that of C57BL/6J mice decreased significantly (P < 0-01) with increasing age. Nevertheless, C57BL/6J females ovulated more fresh ova than did A/J females at all ages (P < 005 to 00001). SJL/J mice also ovulated more ova than did A/J mice at 4 (P < 00001) and 8 (P < 005) weeks of age. While effects of strain on number of old ova (Table 2 ) were significant (P < 0-0001), age and strain age interaction effects were not significant. The effects of age and strain age interaction on body weight (Table 2) were highly significant (P < 0001) while strain effects were not significant. The number of follicles matured by endogenous gonadotrophins (no PMSG) and ovulated in response to 5 i.u. hCG was relatively low in mice of all strains. In contrast, the number of follicles matured and ovulated in response to large doses of exogenous PMSG and hCG differed greatly amongst strains ( < 0 001). These results show much larger genetic differences in the maximal responsiveness to large doses of exogenous gonadotrophins than differences in the sensitivity to the relatively small concentrations of endogenous gonadotrophins found in these young females. A/J females matured and ovulated more ova in response to hCG alone at 30 days of age than did SEC/lReJ (P < 005), 129/SvJ (P < 001) and C57BL/6J (P < 001) females. The number of eggs matured by endogenous gonadotrophins and ovulated by exogenous hCG therefore did not correlate well with strain differences in the response to large doses of PMSG and hCG At each dose of PMSG, no differences were found amongst strains in the percentage of females with fresh ova in cumulus; all females injected with 2 i.u. PMSG and 5 i.u. hCG, or with 5 i.u.
PMSG and 5 i.u. hCG, had ova in cumulus.
The numbers of old ova ovulated by increasing doses of PMSG are also shown in Fig. 1 (Spearow, 1988) have identified major genetic differences in hormone-induced ovulation rate between mouse strains A/J and SJL/J as well as between strains A/J and C57BL/6J which are due to the action of a small number of loci.
Several observations in the present study suggest that these major genetic differences in hormoneinduced ovulation rate in response to high doses of gonadotrophins were not due to differences in timing of pubertyper se. Hormone-induced ovulation rate is affected by age (Zarrow & Wilson, 1961 ) and ovulation rate increases for several succeeding oestrous cycles after puberty in several species. It was therefore possible that high hormone-induced ovulation rate in SJL/J and C57BL/6J mice could have been due to their reaching puberty and thereby maturing follicles earlier than A/J females with low induced ovulation rate. However, the present results show that, in the absence of males, vaginal opening occurs earlier in A/J than in SJL/J or C57BL/6J females. In the presence of males, vaginal opening and first oestrus occur earlier in A/J and SJL/J females than in C57BL/6J females. The difference in the results of these two experiments suggests that these strains may also differ in sensitivity to the induction of puberty by the male, or in the ability of males to induce puberty (Eleftheriou et ai, 1972; Eleftheriou & Kristal, 1974; Champlin et al., 1980) . Most importantly, in the absence of the male, Exp. 1 shows that the strains with a high induced ovulation rate, SJL/J and C57BL/6J, reach puberty later than does that with a low induced ovulation rate, A/J. Since SJL/J and C57BL/6J mice reach puberty later, it seems highly unlikely that mice of these strains could mature more follicles than A/J mice due to elevated endogenous gonadotrophins at 25 or 28 days of age. Older, clearly post-pubertal, C57BL/6J and SJL/J females also ovulated more ova after ex¬ ogenous gonadotrophins than did A/J females. Therefore, the observed superiority in hormoneinduced ovulation rate of C57BL/6J and SJL/J mice over A/J mice at 4 weeks of age cannot be explained simply by a difference in timing of puberty in these strains.
These results also suggest that the observed major genetic differences in hormone-induced ovu¬ lation rate in response to high doses of gonadotrophins were not due to differences in maturation and ovulation of follicles by endogenous gonadotrophins. Experiment 4 clearly shows that the vast majority of mice of strains A/J, SEC/1 ReJ, 129/SvJ and C57BL/6J had not been exposed to high enough concentrations of endogenous gonadotrophins before Day 30 to ovulate.
Relatively small differences were found amongst strains in number of follicles matured by endogenous gonadotrophins and ovulated by exogenous gonadotrophins. This contrasts with the tremendous amount of genetic variation in hormone-induced ovulation rate found in response to intermediate and high doses of exogenous gonadotrophins. The relative magnitude of the genetic differences in eggs ovulated in response to hCG alone or old eggs ovulated in response to the initial dose of PMSG was similar to previously reported strain differences in natural ovulation rate (Falconer, 1960; Falconerei ai, 1961; Durrante/a/., 1980; Spearow & Bradford, 1983) . In the present study, the largest difference amongst strains in mean number of eggs ovulated in response to hCG alone was the 6-6-egg (1-5-fold, non-significant) difference between A/J and 129/SvJ mice. The relatively small observed strain differences in response to hCG alone are dwarfed by the 37-^4-6-egg difference amongst strains (P < 0001) in response to 5 i.u. PMSG and 5 i.u. hCG. Furthermore, females of strains with the greatest ovarian response to high doses of PMSG and hCG did not ovulate more ova in response to hCG alone than did strains with the lowest ovarian responsiveness to gonadotrophins. This is seen by the response to hCG alone at 30 days of age: females of strains SEC/1 ReJ, 129/SvJ and C57BL/6J all matured and ovulated fewer eggs than did A/J females. These results clearly show that the major genetic differences in response to large doses of PMSG and hCG were not due to strain differences in the maturation of follicles by endogenous gonadotrophins and ovulation by exogenous gonadotrophins.
The results of the present study also indicated that the superiority of the ovulatory response of C57BL/6J and SJL/J mice over that of A/J mice was maintained over a wide range of ages, varying from 3-5 to 8 weeks. Nevertheless, the magnitude of strain differences in hormone-induced ovulation rate of older females (6-8 weeks) was smaller than that found in younger (3-5^4 weeks) females. The relative decline in the superiority of ovulatory response of lines SJL/J and C57BL/6J over that of A/J with increasing age may be due to the injection of gonadotrophins when some older females were at less responsive stages of the oestrous cycle (Greenwald, 1962) , or the decline in the number of large preantral to small antral follicles with increasing age (Pedersen, 1970) . These factors and extra-ovarian controls of ovarian function may also partly account for much of the decreased mean induced ovulation rate in older mice as found by Zarrow & Wilson (1961) and in the present study.
The present study found dramatic differences among strains in the dose-response to increasing doses of PMSG. These results agree with previously reported but less dramatic strain differences in hormone-induced ovulation rate in response to increasing doses of exogenous gonadotrophins (Land & Falconer, 1969; Bindon & Pennycuik, 1974) . While it seems unlikely, due to the variability in dose responses to PMSG (Land, 1970) , it is possible that other doses of PMSG or other hor¬ mones might give different patterns of response. Hormone-induced ovulation rate has been shown to be affected by the dose of gonadotrophins administered and the ratio of FSH to LH activity (Bindon & Pennycuik, 1974; Sreenan & Gosling, 1977; Donaldson, 1984; Lindsell et al., 1985; Chupín et ai, 1985) .
Since the observed genetic differences in hormone-induced ovulation rate might have been due to genetic differences in the ability to respond to PMSG but not to FSH, strain differences in the ovulatory response to increasing doses of FSH were also examined in Exp. 5. While the ovulatory responses of SJL/J to high doses of FSH tended to be higher than that of A/J mice, with the small number of animals examined, these differences were not significant. In contrast, the ovulatory responses of C57BL/6J mice to high doses of FSH were significantly higher than that of A/J mice. Indeed, C57BL/6J ovulated 3-8-fold more eggs in response to 10 µg FSH followed by 5 i.u. hCG than did A/J mice. Furthermore, within strains, ovulation rate increased significantly in response to increasing doses of FSH in SJL/J and C57BL/6J but not in A/J mice. These results clearly show that C57BL/6J females are more responsive than A/J females to large doses of exogenous gonadotrophins, regardless of whether the gonadotrophins are PMSG or FSH.
The highly significant strain dose interaction for hormone-induced ovulation rate in Exp. 4 provides further evidence that the observed genetic differences in this trait between A/J and C57BL/ 6J mice were due to differences in ovarian responsiveness to gonadotrophins. In response to hCG alone, C57BL/6J females ovulated fewer ova than did A/J females. However, in response to 2 or 5 i.u. PMSG followed by hCG, C57BL/6J ovulated far more ova than did A/J females. These results clearly show that the high PMSG-hCG-induced ovulation rate of C57BL/6J mice cannot be due to the maturation of a large number of follicles by endogenous gonadotrophins and ovulation by hCG These results suggest that the observed genetic differences in hormone-induced ovulation rate are due to differences in the induction of follicular maturation or the prevention of follicular atresia.
It was also possible that the low hormone-induced ovulation rate of A/J mice was due to a total inability of the ovaries of this strain to bind and respond to hCG This is unlikely for three reasons. Firstly, A/J ovaries are capable of binding hCG . Secondly, hCG stimulates steroidogenesis in vitro in A/J ovaries (Spearow et ai, 1985) . Finally, in Exps 4 and 5 of the present study A/J mice ovulated as many or more eggs in response to 5 i.u. hCG alone as did mice of strains with high PMSG and hCG-induced ovulation rates. Therefore, A/J females are clearly able to bind hCG, and respond to hCG.
It is likely that genetic variation in ovarian responsiveness to gonadotrophins, similar to that found by Spearow (1988) and in the present study, also exists in other species. This has two major implications for the testing of the effects of hormone and drug treatments on ovulation rate. First, the coefficient of variation of hormone-induced ovulation rate should be lower for inbred lines of F( generations of inbred lines than for that of F2 or outbred populations. Therefore, the use of highly inbred lines or Fts of highly inbred lines should enhance the efficiency of experiments examining ovarian responsiveness to exogenous hormones. Secondly, these results show that the ovulatory response to a drug or hormone treatment often differs between strains or genotypes. Therefore, to develop a treatment which results in a more uniform ovulatory response in a non-inbred population, treatments should be tested on several widely divergent ovulatory response genotypes.
The presence of genetic variation in ovarian responsiveness to gonadotrophins in this and other species also has implications for animal breeders and geneticists interested in selecting for increased reproductive performance. These results, and those of Spearow (1988) , suggest that breeders inter¬ ested in rapidly increasing natural or induced ovulation rate should screen a population to confirm the inclusion of a high frequency of favorable alíeles controlling this trait before initiating selection. For example, if a base population is fixed with ovarian response genes similar to those found in A/J or SEC/1 ReJ mice, efforts to increase hormone-induced ovulation rate via selection would be very slow or futile regardless of the selection intensity. In contrast, if a breeder confirmed that the base population contained a high frequency of high ovarian response alíeles similar to those found in C57BL/6J mice, the response to selection for induced ovulation rate would be much greater and faster.
In summary, the present study shows that the dramatic genetic differences in hormone-induced ovulation rate were due to differences in the response to increasing doses of exogenous gonado¬ trophins. Further studies will be required to determine whether these genetic differences in ovarian responsiveness to gonadotrophins are due to differences in factors such as the half-life of gonado¬ trophins, follicular populations, induction of follicle maturation, induction of atresia, FSH and LH receptor characteristics, and ovarian production of cAMP and steroids.
